AQUATIC
TOXICOLOGY

www.elsevier.com/locate/aquatox

ELSEVIER Aquatic Toxicology 74 (2005) 229-241

Environmental levels of atrazine and its degradation products
impair survival skills and growth of red drum larvae

Maria del Carmen Alvare’z Lee A. Fuiman

University of Texas at Austin, Marine Science Institute, Port Aransas, TX 78373, USA

Received 14 March 2005; accepted 21 May 2005

Abstract

Red drum larvaeSciaenops ocellatyisvere exposed to environmentally realistic and sublethal levels of the herbicide atrazine
(2-chloro-4-ethylamin-6-isopropylamin®4riazine) to evaluate its effects on ecologically critical traits: growth, behavior, sur-
vival potential, and resting respiration rate. Settlement size larvae (7 mm total length) were given an acute exposure of atrazine
at 0, 40, and 8Q.g I-* for 4 days. Tests of 96 h survival confirmed that these naturally occurring concentrations were sublethal
for red drum larvae. Growth, routine swimming, antipredator responses to artificial and actual predators, and resting respiration
rate were monitored 1 and 3 days after onset of exposure. Atrazine exposure significantly reduced growth rate. Atrazine-exposed
larvae also exhibited significantly higher routine swimming speeds, swam in more convoluted paths, and were hyperactive.
Responses to artificial and actual predators were not affected by atrazine exposure nor were resting respiration rates. The higher
rate of travel (86% higher in atrazine-treated larvae) resulted in higher predicted encounter rates with prey (up to 71%) and
slow moving predators (up to 63%). However, hyperactivity and faster active swimming speeds of exposed larvae indicated that
naturally occurring sublethal levels of atrazine will result in an elevated rate of energy utilization (doubling the total metabolic
rate), which is likely to increase the risk of death by starvation. Moreover, atrazine effects on growth will prolong the larval
period, which could reduce the juvenile population by as much as 24%. We conclude that environmentally realistic levels of
atrazine induce behavioral and physiological effects on fish larvae that would compromise their survival expectations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction United States. It was first registered in 1958 and the
) ) ) U.S. Environmental Protection Agency has estimated
Atrazine  (2-chloro-4-(ethylamino)-6-(isopropyl-  that between 34 and 36 million kilograms of atrazine
amino)S&-triazine) is a widely used herbicide in the \yere used in 2001K(ely et al., 2002. Due to its high
use and its relatively high mobility in soils, atrazine
fax: +1 361 749 6777 is frequently def[ected in surface and grou.nd waters.
E-mail addressmdcalvarez@yahoo.com Atrazm_e Ieve_ls in runoff can regch_ very h|g_h levels
(M. del Carmen Alvarez). in the first rain events after applicatioBquthwick et
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al., 2003. Thurman et al. (1992howed that atrazine
levels in storm runoff could reach levels of 4g 1.
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about 27C and 27 PSU. Larvae were fed 10 rotifers
(Brachionus plicatilig mi=1 d—1 from day 1 until about

Reported levels in South Texas coastal waters have 10 d posthatching when their diet was gradually shifted

reached 65.g1~1 (Pennington et al., 2001
Commercially and ecologically important fish
species such as red drurBdjaenops ocellatliscan

to Artemianauplii ove a 3 dperiod. At the time of
the chemical exposure fish were completely weaned
from rotifers and onto nauplirtemiawere enriched

be affected by contaminated runoffs entering estuar- overnight with Algamac 2000 (Aquafauna Bio-Marine
ies. Red drum spawn in coastal areas and they reachinc., CA) and added to rearing tanks in the morning
the estuaries still in the larval stage. Contaminants in so that they reached a concentration of 5 naupliiiml
the environment can impair growth and development of Fish were fed at approximately 08:30h daily and
larvae and may ultimately lead to mortality (e \gleis allowed to feed for about 1 h before moving them to
and Weis, 1976, 1995; Faulk et al., 1997; Zhou and the experimental chambers.

Weis, 1998; Beg et al., 2001; McCarthy et al., 2D03 Since the highest levels of atrazine in surface waters
Although atrazine was developed to inhibit photosyn- are found in estuarine areas, exposures were conducted
thesis in plants, it has multiple effects on animals. For on larvae at the size of settlement to estuarine seagrass
example, atrazine is a classified endocrine disrupting beds, about 7—8 mm total length (TIB¢oker and Holt,
chemical that affects steroidogenesis in alligators and 1997; Herzka et al., 2002Red drum larvae reached
frogs (Crain et al., 1997; Hayes et al., 2002; Goulet settlement size within 15-20 days under rearing
and Hontela, 2003and olfactory-mediated endocrine  conditions.

function in salmon parrNoore and Lower, 2001

Atrazine exposure has been shown to produce altered2.2. Exposures

social and antipredator behavior in goldfisbafas-

sius auratu} (Saglio and Trijasse, 1998This study Atrazine (with a guaranteed purity of 98%) was pur-
assesses the effects of environmentally realistic levels chased from Chem Service Inc. (West Chester, PA).
of atrazine on red drum larvae at the size they enter Atrazine (approximately 24 mg) was dissolved in 3ml
contaminated nursery areas by evaluating ecologically of acetone and added with gentle stirring to the trial
important behaviors, growth, and the energetic cost of tanks to the desired concentration. An equal amount of
exposure. acetone was also added to the control group.

Survival experiments were performed to evaluate
whether environmentally realistic doses were within
the sublethal range for settlement size red drum.
Groups of 50 settlement size larvae were transferred
to 1.5-1 exposure watch bowls (20 cm diameter) in a
temperature-controlled room. Salinity and temperature

Red drum eggs were obtained from three sources: were maintained at 2C and 27 PSU. Atrazine dis-
University of Texas Fisheries and Mariculture Labo- solved in acetone or acetone alone was added to the
ratory (Port Aransas, TX), Texas Parks and Wildlife watch bowls 24 h after transfer. Doses tested were 0,
Department CCA/CPL Marine Development Center 40, 80, and 50Q.g atrazine T1. Fish were fed a ration
(Corpus Christi, TX), and Perry R. Bass Marine Fish- of 5 naupliimi1d=1. Survival was recorded 96 h after
eries Research Station (Palacios, TX). Broodstocks the herbicide was added to the water. Six replicates for

2. Materials and methods

2.1. Experimental animals

were induced to spawn by manipulating ambient tem-
perature and photoperiodinold, 198§. Eggs were

collected within 12 h of spawning and hatched in con-
ical tanks in 201 of sea water. From day 5 after hatch-
ing, the volume was gradually increased to 1001 over
approximately a 5d. Larvae were reared with flow-
through circulation until experimentation. Temperature
and salinity in the rearing tanks were maintained at

40 and 50Gug I=1 exposures, and 12 for control and
80ug|~1 exposures were performed with larvae from
five different spawns. The proportions of surviving lar-
vae from the atrazine-exposed groups were compared
to the survival rate of control groups.

Settlement-size red drum larvae (7—8 mm TL) were
transferred to six 50- fiberglass tanks on experimen-
tal day —1 at a density of 10 larvae t and allowed
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to recover from handling for 1d. The six tanks were four spawns to assess the effects of atrazine exposure.
randomly assigned to the three treatment groups: con-Routine swimming behavior measures foraging capac-
trol, low, and high dose (0, 40, and 8@ of atrazine ity and the visual startle response measures the ability
I-1, respectively) in duplicate. Atrazine was added of larvae to escape from a predatory attaEkiman,
(experimental day 0) as described above. The expo- 1994).
sure tanks were arranged in a water bath to minimize  Groups of 10 larvae were randomly selected
variations in temperatures among tanks. Mea8.0.) from each exposure tank and carefully placed into
water temperature and salinity were 28.0.67°C and glass chambers (75 mm70 mmx 20 mm) contain-
27.1+0.14 PSU. ing approximately 50 ml of filtered sea water from
Water samples were taken 5min (0h) and 96 h their exposure tank. The chambers were placed in a
after the addition of atrazine and sent for analysis to temperature-controlled room and the fish were left to
an independent laboratory (Department of Soil and recover from handling for 2—3 H=giman and Ottey,
Crop Sciences, Pesticide Fate Research Laboratory,1993. After this time, the chamber was carefully
Texas A&M University, College Station, TX) to char- placed above a video camera (Cohu, model 3315-
acterize the exposures. Concentrations of atrazine and2000/0000) and left undisturbed for 5min to allow
several degradation products (diamino-, deisopropyl-, the larvae to acclimate. Routine behavior of the undis-
hydroxy-, and desethyl-atrazine) were measured usingturbed larvae was then video-recorded (Panasonic AG-
high-performance liquid chromatography (HPLC), as 1960) from a remote station for 3 min. After this time,

described irSenseman et al. (1997) the larvae were given an artificial predatory visual stim-
ulus and their responses were recorded (for details see,
2.3. Growth Fuiman and Cowan, 2003The recorded video was

digitalized as AVI files and movements of the larvae

Ten spawns were used for analysis of growth rates. were analyzed with the aid of a computerized tracking
Growth rates were calculated o9 dperiod. Groups  system (WinAnalyze 2D Software, Version 1.5, Mikro-
of 20 larvae were sampled from each exposure tank on mak, Germany).
the day of transfer (experimental dayt) and ondays 1, Analysis of the routine behavior clips was con-
3, 6, 7, and 8 after atrazine was added to the water. Fishducted frame by frame and the paths described by
were anesthetized using tricaine methansulfonate (MS the larvae were tracked throughout 25s. The behav-
222) and photographed along with a reference scaleior was measured for all 10 larvae in the chamber
using a digital camera (Sony DCR-TRV350) attached and expressed by four variables: (1) rate of travel
to a dissecting microscope. Total length (mm) was (mms1), (2) active swimming speed (mm?%), (3)
measured using animage-processing program (ImageJactivity (% time), (4) net-to-gross displacement ratio
National Institutes of Health). Ten replicates from 10 (NGDR, dimensionless). Red drum larvae swim in
different spawns were done. alternating episodes of active swimming and resting.

Because larval growth rate is size-dependent, Rate of travel is the average swimming speed (mM s
growth rate was calculated using an exponential growth including the resting periods. Active swimming speed
model to compensate for differences in initial size (mms1) is the average velocity during active time
among trials: only. Activity is the percentage of time the larva is
actively swimming. NGDR expresses the linearity of

Gt

TLi=TLae the path described by a larva. Net displacement is

where TL; total length (mm) on experimental day the straight-line distance between the starting point

TL_1 is total length on experimental dayl, andG is and the ending point of the video segment analyzed.

the instantaneous growth rate (. Gross displacement is the actual distance covered by
the larva along its swimming path. Therefore, the closer

2.4. Behavioral experiments NGDR approaches 1.0, the more linear the swimming
path.

Two behavioral assays, routine swimming and Frame-by-frame analysis of the visual response
visual startle response, were conducted on larvae fromassays began 50 video fields before the time when
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the pendulum reached its nearest position to the 2.6. Respiration rates

chamber and ended 50 fields after (total: 100 frames

or 1.7s). Responses were characterized by: (1) The energetic cost of atrazine exposure was eval-
responsiveness, percentage of larvae responding touated in a specially designed respirometer. The
the stimulus; (2) maximum response speed (m);s respirometer had four independent chambers, each one
(3) average response speed (mm)s (4) latency, with a total volume of 14 ml and consisting of an upper
elapsed time between the release of the stimulus andloop (Fig. 1) with alength of 36 mm connected by three-
the larval response (ms); (5) time to maximum speed way valves to a lower loop of about 30 mm in length

(ms). containing the fish compartment (30 muriil mm).
These valves controlled whether the system was in
2.5. Predator exposure recirculating or flow-through mode. A larva was con-

tained within the fish compartment by a 5001 mesh

Groups of 20 larvae from each exposure tank were placed at each end of the compartment. Water used
used in four replicate spawns. Experiments were run for the experiments was previously autoclaved to min-
in duplicate for each spawn. Larvae and a predator jmize bacterial oxygen consumption and then fully
(50-60 mm gulf killifish,Fundulus grandiswere con-  oxygenated. The oxygen sensor was a flow-through
fined at opposite sides of a 45-1 aquarium (filled with  cell enclosing a fiber-optic oxygen micro-sensor with
151 of sea water) in transparent plastic cylinders of 4 gptical isolation (PreSens GmbH, Germany). Oxygen
and 15.5cm diameter, respectively. The video camera measurements (% of air Saturation) were done with
was pOSitioned over the Cylinder Containing the lar- tempera‘[ure Compensation at23.6.6°C and a salin-
vae with a field of view of about half of the aquarium ity of 25 PSU. The chambers were immersed in a water
(25cmx 25cm). Predator and prey were allowed to path to minimize temperature differences.
acclimate from handling for 2-3 iFgiman and Ottey, In the early afternoon of each experimental day,
1993. Following this, the video recorder was started three to four larvae from each treatment were randomly
andthe cylinder containing the larvae was raised gently, selected and transferred to a glass dish (6 cm diameter)
freeing them into the tank. Immediately afterward the \with 20ml of filtered sea water from their original
predator was released in the same way. No shelter wastanks. Fish were left undisturbed for 6 h to completely
provided for the larvae and experiments were run until evacuate their guts after which a single fish was care-
all ofthe larvae were eaten or disappeared fromthe field fy|ly transferred to the fish compartment. Each trial
of view. Encounters within the video camera’s field of consisted of four separate chambers, three Containing
view were recorded for later frame-by-frame analysis. one experimental fish (one from each treatment) and
Each attack, response, capture, escape, and secondary fourth chamber was left empty to control for back-
attack (see explanation below) was recorded as a bino-ground bacterial respiration. The chambers were then
mial variable, given a value of 1 if the event occurred placed in flow-through mode for 2 h to allow the fish to
and 0 if it did not. Calculations of responsiveness to recover from handling, reduce stress-related increase
an attack, response effectiveness, prey error, and capin oxygen consumption and maintain high levels
ture success were made from the binomial variables. of dissolved oxygen. After acclimation, the valves
Responsiveness was the percentage of fish in a trialwere adjusted to place the system into recirculation
responding to a predator attack. Response effective-mode and oxygen measurements were started. Water
ness was the number of fish responding to attack but flow within the chambers was maintained at a speed
not captured. Some fish initiated a startle response in of approximately 1 mmst with a peristaltic pump
the proximity of the predator even though they were (Masterfle® L/S™, model 7519-15). Continuous
not attacked. In many cases, this behavior made themeasurements of oxygen content were conducted
larva conspicuous to the predator triggering an attack on 12 fish of each treatment and on 11 controls (all
(secondary attack). Prey error represents the proportionfrom separate spawns) for a period of 5-7h each.
of false alarms triggering a secondary attack. Finally, Experiments were halted when the dissolved oxygen
capture success is the total proportion of attacked |evel in the chamber dropped below 70% of saturation.
larvae captured. In order to approximate resting metabolic rates (i.e.,
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Fig. 1. Diagram of the respirometer used: (1) fish compartment; (2) peristaltic pump; (3) three-way valve; (4) flow-through fiber-optic micro
oxygen sensor.

minimal activity), trials were carried out at night and as described b¥ar (1999) Variability between spawns
in the dark. Larval behavior in the chambers was was accounted for by introducing “spawn” as a block-
videotaped with an infrared-sensitive video camera ing variable in all statistical models. Behavioral data
placed underneath the chambers. were analyzed for each experimental day using one-
At the end of the respiration measurements, larvae way analysis of variance (ANOVA). Pairwise com-
were anesthetized with MS 222 and their TL (mm) parisons of treatments were performed as appropriate
measured to estimate their dry weight (DW, mg) using using the Tukey—Kramer HSD test. Predator exposure
the equation: experiments generated binomial data; therefore, com-
parisons were conducted using contingency-table anal-
DW = 0.0005x TL34%° (R2 = 0.984) ysis and Pearson Chi-square statistics. Growth rates
This equation was derived from 90 red drum larvae Were compared on legransformed TL data using
of 3.3-13.5 mm TL dried at 65 for 24 h. Respiration ~ analysis of covariance (ANCOVA), with experimental
rate was expressedag of O, min—1 mg~1dry weight. day as the covariate.
Larval activity within the chambers was quantified
for a random sample of 21 fish (7 per treatment). Mea-
surements were performed after the 2-h acclimation 3., Results
period. Percent of time active was measured in 30-
s video segments by recording the total time spent  Chemical analyses revealed that 96 h after addi-

swimming. tion of atrazine to the experimental tanks, an aver-
age of 17.7% £10.4 S.E.) of the parent compound
2.7. Statistical analyses had degraded to desethyl-atrazifialfle ). No other

degradation product was detected.

Statistical analyses of the data were conducted using  Survival of 7mm TL red drum larvae at any of
SYSTAT software (Version 10.0). All variables were the three concentrations of atrazine (40, 80, and
tested for normality and square root, logarithmic, or 500ugl~t) for 96h was not significantly different
arcsine transformations were applied when necessaryfrom the control groups (averaged 7#448.2% S.E.).
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Table 1

Nominal and actual concentration in the experimental tanks 0 and 96 h after atrazine adslit®i()

Treatment Nominal concentratiopg |~1) Actual concentration 0 hug|~1) Actual concentration 96 hug 1=1)
Control 0 nd nd

Low 40 37.43+:5.71 33.33:0.8

High 80 80.5H1.21 58.7H-10.99

nd: below the detectable level.

0.75 3.2. Behavioral experiments

Three spawns (replicates) were used for behav-
ioral assays. Red drum larvae exposed to either
40 or 80ugl~! of atrazine for 4d showed signif-
icantly altered performance in all four behavioral
traits analyzed compared to controls. Exposed lar-
vae swam significantly faster, with a higher rate of
travel P=0.001,Fig. 3a) and active swimming speed
(P=0.001, Fig. 3) compared to control larvae. In
addition, treated larvae were hyperactive=(0.006,

Fig. ) and swam considerably more convoluted paths
-0.15 T TTTTTT (i.e., lower NGDR,P=0.002,Fig. 3d) after 4 days of
-1 1 3 5 7 9 atrazine exposure compared to unexposed larvae. For
Fapeoimentl day all the variables studied, significant differences were
always observed between treated and control groups,
but not between the low and high levels of atrazine

0.45

LnTL; - LnTL_;(mm)

Fig. 2. Growth of red drum larvae from a common initial TL over
9 experimental days. Lines represent linear regression fit to the data

grouped by treatment. Control group)(-); low dose groupX, - -); exposure.
high dose group (+) (n=59). Arrow represents atrazine addition In contrast to routine behavior assays, no signif-
to the experimental tanks (see text for details). icant atrazine effect was observed for any of the

Theref . tall listic d ithi visual startle response traits analyzed. Treated fish
eretore, environmentally realiStic doses were Within - e e a5 responsive to the visual stimulus as control

the sublethal range for red drum Iarvale. Exposure g, (P=0.26). Responsiveness averaged+iE7%
levels chosen for study were 40 andyagl—". (£1S.E.) on experimental day 1 and £9.004%

on day 3. The magnitude of the responses was also
similar in all groups. AverageR=0.89) and max-
imum response speed®£0.68) on days 1 and 3
were 58.5+ 4.2 and 204.4 9.4 mm 1, respectively.

On day 3, average response speeds increased to
78.3+4.3mms!, while maximum response speed
remained the same at 182:812.9mms?! on day

3.1. Growth

Control larvae grew at a significantly faster rate than
atrazine-exposed larvad®€0.01, Fig. 2). Pairwise
comparisons indicated that control fish had a signifi-
cantly faster growth rate from the high dose group but
not from the low dose grouéable 2.

Table 2

Growth rates of red drum larvae av& 9 dperiod exposed to sublethal levels of atrazine and controls

Treatment R? Growth rate G (d—1) 95% confidence interval
Control (Op.g/l) 0.93 0.069 0.064-0.074

Low (40p.g/1) 0.89 0.064 0.059-0.070

High (80pg/1) 0.0 0.063 0.057-0.068

" Indicates significant differenc@& 0.05) relative to controlN = 59).
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Fig. 3. Routine behaviors of red drum larvae treated with O (control, C), 40 (low, L), or 80 (highgH)* of atrazine for 4 days. (a) Rate
of travel; (b) Active swimming speed; (c) activity; (d) net-to-gross displacement ratio (NGDR). Values representrhiéais Asterisks (*)
indicate significant differences relative to contrd?s<(0.05;n= 36).

3. LatenciesP=0.47) and times to maximum speed (P=0.77) for the predators, this being 44.6% on
(P=0.40) averaged 4#0.3 and 125.2 9.0 ms for day 1 and 29.5-2.2% on day 3.

day 1, and 4.40.2 and 115.27.4 ms for day 3,

respectively. 3.4. Respiration rates

3.3. Predator exposure Analysis of fish activity within the respirometry
chambers showed that the fish were activei6204%
Atrazine exposure produced no differences in of the time, with no significant difference among treat-
antipredator performance of red drum larvae. Con- ments P=0.36). This level of activity at night was
trol and treated larvae (both exposure levels) were considerably lower than the routine activity measure-
equally responsive to the attacking predaf®«(.65). ments made during the day (35.3-57.6%). This indi-
Response rates were 6%8.3% on day 1 and catesthatmeasurementswithinthe respiration chamber
84.9+1.7% on day 34£1S.E.). Likewise, response were done on larvae that were essentially at rest. Res-
effectiveness F=0.31) was high, 74.23.6 and piration rates of atrazine-exposed fish were not statis-
82.2+2.1% for days 1 and 3, respectively. These tically different from control P=0.92) and the overall
variables resulted in relatively low capture success average was 0.0240.001ug of O min~tmg=1 dry
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weight, comparable to previously published values for the juvenile stage approximately 18 d later, whereas an
red drum larvaeTorres et al., 1996 atrazine-exposed cohort with an average growth rate
of 0.0633d! (average of low and high dose groups
growth rates) will require about 20d to transform into
4. Discussion juveniles.Rooker et al. (199%stimated that instanta-
neous mortality rates in the seagrass beds for settled red
Pollutants in the environment can affect physio- drum larvae ranged from 0.134 to 0.139'average
logical processes related to growth, development, and 0.1365 d'1). This implies thaa 2 dincrease in larval
behavior. This is especially true of compounds that dis- stage duration due to atrazine exposure will increase
rupt endocrine function, like atrazine, since hormones mortality of the cohort by 24%. Such reductions in the
and neurotransmitters are known to regulate a suite number of juvenile fish produced in contaminated areas
of metabolic, developmental, and behavioral pathways could potentially have a profound effect on recruitment
(Brown and Bern, 1989Growth and behavior are cru-  and ultimately on the final population numbers.
cial traits for larval survival in the natural environment. Behavioral performance is critical to success in
Moreover, growth is closely related to development dealing with predators and prey. Although no signif-
(Fuiman et al., 1998 Atrazine, at the environmen- icant effects on larval ability to evade predators were
tally realistic doses used here, significantly reduced red observed, environmentally realistic levels of atrazine
drum larval growth rate by 7.9-9.8%, thereby, increas- induced changes in the routine behavior of red drum
ing the duration of the highly vulnerable larval period. larvae. Treated larvae at both doses swam significantly
Working under the assumptions that (1) atrazine effects faster and were hyperactive. Also treated larvae had
on growth rates are permanent, or (2) atrazine exposuresignificantly lower NGDRs than control larvae (i.e.,
levels are constant during the larval period, it is pos- described more convoluted pathsg. 4). However,
sible to estimate the effects of atrazine exposure on since atrazine-treated larvae swam faster than control
red drum survival to the juvenile stage. Red drum lar- fish within the small experimental chamber, they could
vae reach the nursery seagrass beds at about 7 mm Tlbe expected to encounter the chamber’s walls about 1.8
and remain there past the start of the juvenile stage times more frequently than control fish. Therefore, the
(Rooker and Holt, 1997; Herzka et al., 200&hich lower NGDRs observed for exposed fish might partially
is at about 25 mm TL (based upon complete squama- be an artifact of the confinement in the experimental
tion; Fuiman et al., 1998 Atrazine exposure reduced chambers. Nevertheless, the other effects on routine
growth rate by about 8.7%. Consequently, the dura- behavior should affect a larva’s likelihood of encoun-
tion of the larval period will be longer when atrazine tering predators and prey.
exposure occurs. Assuming all larvae reach the nurs-  Routine behavior effects on rate of travel and its
ery area at 7mm TL, an unexposed larval cohort with implications for larval survival can be estimated with
a growth rate of 0.0693d (control group) will reach the equation for encounter rates given Ggrritsen

35 4 55

z 25 - 45 -
E

E E 1
> 15 > 35

5 : T 1 25 T T 1

70 80 90 100 75 85 95 105

(A X (mm) (B) X (mm)

Fig. 4. Swimming paths described by a red drum larva treated with atrazine for 4 days (A) and untreated larva (B). Atrazine-exposed larvae
swam a more erratic path as shown by the low NGDR (0.1) compared to control fish (0.9).
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Table 3 100 —
Parameters used for calculating encounter rates of red drum larvae
with prey and predators ;:Q" ]
Organism Swimming speed Average TL E 801 _
(mms) (mm) £ - __ _
Prey § 60 —
Acartia tonsa 142 10 S N
Paracalanus parvus 1.83 09 c
Temora turbinata 1.81 12 é 40 -
Predators § -
Small ctenophore 35 15 2 204
Small medusa 85 25
Large ctenophore 125 45 T
Large medusa 185 75 0 r . ; |
Juvenile red drum 80 27 .,
Planktivorous fish 105 35 A.tonsa P.parvus T. turbinata
Red drum larvae Fig. 5. Increase in predicted encounter rates (relative to controls)
Control 276 8 between red drum larvae and prey as a result of atrazine exposure
Atrazine-treated a3 8 for 4 days. Prey items are three types of calanoid copepamstia

Data for prey obtained frofWaggett (2005and for predators from tonsa Paracalanus parvysandTemora turbinataCalanoid copepod
Cowan etal. (1996 Encounter rates were estimated for a 24-h period  SPeeds were obtained frowaggett (2005)

in a volume of 200 rh.

influence on encounter rates with slower swimming
predators, such as ctenophores and medusae. The
ecological importance of encounters with gelatinous
predators in the nursery areas is probably low since red
drum larvae will seek cover in the seagrass beds where

and Strickler (1977and modified byBailey and Batty
(1983) as done byCowan et al. (1996)Calculations
were made for three species of calanoid copepods that
inhabit settlement ground&cartia tonsaParacalanus
parvus andTemora turbinatgnewly settled red drum
larvae feed mainly on calanoidSéto et al., 1999.

Encounter rates were also calculated for five predator 70
species as described IGowan et al. (1996)includ- ol [T
ing juvenile red drum (cannibalism in red drum has 9
been observed under laboratory conditioRsifnan, 2 50
1994). Parameters used in the calculations are pro- £
vided inTable 3 § 40 -]
Although encounter rates calculated here are S ]
derived from mathematical models, and therefore, £ 30+
may not be entirely realistic, they can be used in a com- §
parative sense to interpret potential effects of atrazine § 204
exposure on outcomes of predator—prey interactions. = 10 _
These calculations show that the apparently contradic-
tory effects of atrazine on rate of travel are predicted 0 : : : : | |
to produce substantial increases in encounter rates Small Large Red drum
with prey. Calculations using daily foraging distance Medusa Sma”""ed“sa,_arge e erous
(rate of travel 24 h) showed that exposed larvae have Ctenophore Ctenophore fish

a greater probability of encountering prey (average _ _
increase=7l%Fig. 5) In the same way, atrazine- Fig. 6. Increase in encounter rates (relative to controls) between red

X d larv r | more likely t n nt I,drum larvae and their predators as the result of atrazine exposure for
€xposed larvae are also more ely 1o encounte 4 days. Predators are: two sizes of ctenophores (small and large),

predators Fig. 6), where the outcome is often fatal. o sizes of medusa (small and large), 25 mm red drum juvenile, and
Changes in rate of travel have a larger predicted 35mm planktivorous fish.
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Table 4
Estimated effects of atrazine exposure on total metabolic rate of red drum I&wae-R, + (1 — P)-Rs)

u R. Rs P P-Ry (1-P)Rs R Q10 correctedr;
Control 5.48 50.09 0.19 0.42 20.89 .10 21.00 784
Treatment 8.28 75.19 0.19 0.57 42.82 .0® 42.90 1585

Active respiration rate was calculated as a linear function of swimming spgg®R{=1.13 +8.94u; Hunt von Herbing et al., 2001Rs:
resting metabolic rate (mgQy~1 h~1); P: proportion of time activeRy: active metabolic rate: arfé: total metabolic rateR; was adjusted for
differences in temperature usi@o values of 1.9 folR; and 2.5 forRs (Kaufmann and Wieser, 1992

this type of predator is uncommon and ineffective. is proportional to the square aof [e.g., cyprinid lar-
However, during the time the larvae are entering the vae Kaufmann, 199j]. In the viscous hydrodynamic
estuary and still in a pelagic stage, an increase in regime (lowR#), the relationship is linear since drag
encounters with this kind of predator can have a pro- is directly related tou. Larvae 4 days in the exper-
found effect on the total number of larvae colonizingthe iment exhibited an averag®e of 58. Since viscous
seagrasses. Predatory fish (planktivorous and red drumeffects extend t&Renumbers of 300-450Uiman and
juveniles) used for these calculations swim much faster Batty, 1997 a linear relationship is appropriatdunt
thanlarvae, thus contaminant effects on red drum larvae von Herbing et al. (2001)lescribed this equation for
will not result on detectable changes in encounter rates. Atlantic cod Gadus morhuplarvae:

However, another consideration that is not included
in the encounter-rate calculations is that red drum lar- Ra=1.13+8.94-u
vae exposed to atrazine for 4 d were 20% more active whereRa. is in mg @ g~*h~1 andu is in mmsL.

than unexposed larvae. Seagrass nurseries offer shely, the current study of red drum larvaR; averaged
ter from predators to the young larvae. However, itis ( 19 mg @ g-*h—1. CalculatedR; of treated fish was
expected that hyperactivity i_n treated larvae will make 4oy ple that of control fistiable 4. However, since cod
them more conspicuous to visual predators than control |3 ae exist at substantially lower water temperatures
and henpe increases the probability o_f being captured. (about 20°C lower than red drum in our experiment)
Respiration rates are good estimates of total anq metabolic rates are dependent upon temperature,
metabolic rates since fish larvae rely mainly on aer- atanolic rates were adjusted usi@g values of 1.9
ob_ic metabolism Einn et al., 1995; Wieser, 19_95; for Ry and 2.5 forRs (Kaufmann and Wieser, 1992
Brightman et al., 1997 Measurements of respira- These adjustments did not affect the resuRs;for
tion rates were intended to determine whether lar- 4457ine-treated larvae was double that of coniol
vae exposed to atrazine incurred a direct metabolic (ap|e 4.
or energetic cost. Thus, our respirometry trials were = g significant differences were observed between
designed to minimize larval activity (measurements i« two levels of atrazine exposure (40 andu80 1)
were made in the dark at night on postabsorptive [ar- i any of the variables tested here. Low and high dose
vae) so that measurements approximated a resting ofg oy s were equally disruptive to red drum larvae com-

standard metabolic rate. . . pared to control in all but one of the variables investi-
For unfed animals, total metabolic rat&) is the gated (i.e., growth).

weighted sum of activeR;) and standardRs) (or rest-
ing) metabolic rates:

Ri=P-Ra+(1—P)-Rs 5. Conclusions

whereP is the proportion of time active. Active respira- Endpoints for assessing sublethal effects of pollu-
tion rate Ry) is primarily a function of swimming speed  tants can be obtained at almost any level of biological
(u). This relationship is an exponential function when organization: molecular, cellular, tissue, organ. The
larvae are in an inertial hydrodynamic regime, moving higher the level affected by a pollutant the more
at relatively high Reynolds numberBd where drag generalized the response and the greater the implica-
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